Historically, the response of chickpea (Cicer arietinum L.) to Didymella rabiei (causal agent of Ascochyta blight) has been mainly related to as complete resistance and it was commonly assayed with qualitative (nonparametric) scales. Two reciprocal populations, derived from intra-specific crosses between a moderately resistant late flowering Israeli cultivar and a highly susceptible early flowering Indian accession, were tested at F 3 and F 4 generations in 1998 and 1999, respectively. A quantitative (parametric) assessment (percent disease severity) was used to evaluate the chickpea field response to Ascochyta blight. The transformed relative area under the disease progress curve (tRAUDPC) was calculated for each experimental unit for further analyses. Heritability estimates of the tRAUDPC were relatively high (0.67 to 0.85) in both generations for both reciprocal populations. The frequency distributions of tRAUDPC of the populations were continuous and significantly departed from normality (Shapiro-Wilk W test; P of W < 0.0001), being all platykurtic and skewed toward either the resistant or the susceptible parental lines. The presence of major genes was examined by testing the relationship between the F 3 and F 4 family means and the withinfamily variances (Fain's test). Analyses of these relationships suggested that segregation of a single (or few) quantitative trait locus with major effect and possibly other minor loci was the predominant mode of inheritance. The correlation estimates between the resistance and days to flower (r = -0.19 to -0.44) were negative and significantly (P = 0.054 to 0.001) different from zero, which represents a breeding constraint in the development of early flowering cultivars with Ascochyta blight resistance.
Ascochyta blight, caused by the fungus Didymella rabiei (Kovachevski) v. Arx., (anamorph: Ascochyta rabiei (Pass.) Labrousse), is a major disease of chickpea (Cicer arietinum L.). In the Mediterranean Basin following winter sowing (December to February), the disease spreads rapidly when conditions are conducive to the pathogen (i.e., frequent rains and temperature ranges from 20 to 25°C) and may result in total crop loss (27, 31, 37) . D. rabiei attacks all aerial parts of the plant causing necrosis and tissue collapse. Often, lesions girdle the stem or branches causing death of the parts above the lesion. Control of the pathogen can be achieved with fungicides such as maneb, tebuconazole, or difenoconazole (27) . However, the relative contribution of cultivar resistance to disease suppression is greater than that of currently available chemical control (27) .
Genes conferring complete resistance, referring to total prevention of pathogen multiplication (19) , are known from many plantpathogen systems, e.g., the rusts or powdery mildew of cereals (1) . Complete resistance to Ascochyta blight has not been found in chickpea. Many authors (8, 11, 13, 22, 23, 25, 32) acknowledge that known resistance sources show low degrees of infection but none show no infection at all, thus describing incomplete resistance. Hence, chickpea breeding programs rely mainly on genotypes with incomplete resistance, in which some symptoms, though of lower severity, are observed. Complete resistance is usually based on a discrete qualitative response, whereas incomplete resistance regularly shows quantitative continuum, and therefore should be assessed using a quantitative scale (15, 16, 19) . Nevertheless, in all the studies cited above nonparametric scales (e.g., 1 to 9 scale) were employed for quantifying host response, and the phenotype of the host was grouped into even fewer discrete classes (i.e., 1 to 4 = resistant; 5 to 9 = susceptible) despite the fact that the response to the pathogen is continuous.
Several studies have explored the inheritance of chickpea resistance to D. rabiei. Early reports suggested that the resistance to D. rabiei is controlled by single genes, either dominant or recessive (14, 30, 33, 37) . Recently, three recessive and complementary major genes with several modifiers conferring resistance to Ascochyta blight have been reported (32) and two of such quantitative resistance loci have been mapped (26) .
Winter planting of early flowering genotypes has been suggested as a means to increase chickpea yield and yield stability in semiarid environments (15) . Such practice exposes the crop to a high risk of Ascochyta blight and requires the development of early flowering cultivars resistant to Ascochyta blight. Most efforts to introgress resistance to Ascochyta blight into Kabuli chickpea resulted in relatively late flowering germ plasm (15) . Therefore, a project was initiated to explore the feasibility of combining earliness and Ascochyta blight resistance in high yielding background. For that purpose, we used chickpea populations originated from reciprocal crosses between a late flowering (daylength sensitive) moderately resistant Israeli cultivar and an early flowering (day-length insensitive) highly susceptible Indian accession to study the genetic basis of Ascochyta blight resistance. The objectives of this study were (i) to characterize the field response of parental lines and offspring with a quantitative (parametric) assessment; (ii) to estimate the heritability value of this response; and (iii) to estimate the genetic correlation between resistance to Ascochyta blight and flowering time in chickpea.
MATERIALS AND METHODS
Plant material. Chickpea cv. Hadas is widely grown in Israel. 'Hadas' is a modern large yielding cultivar, moderately resistant to D. rabiei and late to flower; it is of Kabuli type with beige, relatively large (450 mg) seeds. ICC5810 is an Indian accession (with poor agronomic performance in Israel) extremely susceptible to the fungus, early to flower, with typical Desi black small (150 mg) seeds. Four populations derived from crosses between these lines were evaluated: 204 F 3 families and 123 F 4 families from the cross 'Hadas' × ICC5810; 123 F 3 families and 102 F 4 families from the reciprocal cross. For the formation of the F 4 populations, one plant per F 3 family was propagated in a blightprotected nursery. It is important to note that, consequently, the F 3 -F 4 intergenerational relation of the phenotype data differs from the direct parental-offspring relationship.
Field trials and inoculation. Parental genotypes were tested in 1998 with the F 3 progeny in Kedma farm, located in the Lakhish region in central Israel (440 ± 110 mm average annual rainfall), and in 1999 with the F 4 progeny in the Volcani central experimental station located at Bet Dagan in the Coastal Plain of Israel (560 ± 140 mm average annual rainfall). The experiments were conducted in unbalanced random block designs. In 1998, the populations were planted separately, the 'Hadas' × ICC5810 population in three replicates and the reciprocal population in two replicates. In 1999, the populations were planted together within three blocks. Each block consisted of several rows, with 1 m between rows. Each family was randomly sown in a single 1-m row (four to six seeds per family) per block, and the parental lines were sown in two to four 1-m replicates per block. In the 1999 experiment, the following accessions were included: ILC3279 (resistant), ILC482 (moderately resistant), and ILC1929 (susceptible). These lines are routinely used by ICARDA as part of a differential line-set for characterization of the host response to Ascochyta blight (34) . This may allow comparing our data with the response of internationally characterized germ plasm.
In all experiments, a row of moderately susceptible Israeli cv. Ayala was sown between each two experimental rows. These plants served to spread the disease to the adjacent rows. In 1998, natural infections occurred in the experimental site by the middle of February and most infections were observed in the spreader rows. The source of the inoculum was airborne ascospores of D. rabiei that were dispersed from infested plant debris from nearby fields. In 1999, the spreader rows at the experimental site were artificially inoculated by the middle of March. Conidia suspensions were prepared and applied as described by Shtienberg et al. (27) , except that the spore suspension (10 5 spores per ml) was prepared from infected stems from nearby fields of the same season and sprayed with 5 ml of suspension per meter-row. In both years, an overhead irrigation was used to spread the pathogen from the spreader rows to the experimental rows and to enhance the epidemic in periods of low rainfall.
Disease and flowering assessment. The response of the plants to D. rabiei was determined visually (10) . Disease severity (percent infected foliage area) was assessed periodically. Scoring was initiated soon after the first detection of Ascochyta blight symptoms in the experimental field. Subsequent assessments were made every 7 to 14 days in 1998 (six scores in total) and every 11 days in 1999 (three scores in total) until devastation of the susceptible parental line ICC5810 or beginning of natural senescence of cv. Hadas. In 1998, each plant was scored individually. In 1999, by the time the symptoms appeared, branches of adjacent plants were intermingled, making the assessment of individual plants impractical. Thus, the 1-m row family-group was scored together. For data analyses, the area under the disease progress curve was calculated summarizing disease severity scores from the date of appearance of first symptoms or inoculation, to the last assessment. Further, the area under the disease progress curve was divided by the duration of the epidemic. These relative values enable us to compare between experiments (27) .
The time to flowering data was collected in 1998 in an Ascochyta blight-protected nursery in Kedma. The experimental design and flowering time assessment method were previously described by Or et al. (18) . The correlation between resistance to Ascochyta blight and the time to flower was estimated based on F 3 -family means of days to first flower, and between either F 3 -or F 4 -family means of response to Ascochyta blight.
Data analyses. The responses of the parental lines and the offspring were analyzed separately, both in random block designs. In cases where the block effect was significant (P of F < 0.05), further analyses were based on least square means rather than arithmetical means. All statistical analyses were performed with JMP-IN 3 software for Macintosh (SAS Institute, Cary, NC).
Departure from normality was tested using the W test of Shapiro and Wilk (16) . Because the relative area under the disease progress curve (RAUDPC) may range from 0.0 to 1.0, this parameter does not have a normal distribution. To enable analyses of variance, regression, and correlation analyses, the RAUDPC values were approximately normalized as follows: tRAUDPC = inverse sine [square root (RAUDPC)], where tRAUDPC = transformed RAUDPC. tRAUDPC values range from 0 (for RAUDPC = 0) to 1.57 (for RAUDPC = 1).
As indicated previously, the chickpea response to Ascochyta blight shows a continuous phenotype. Because we wanted to analyze the inheritance of resistance based on parametric assessment of this biological continuum, we used the Fain test (16) rather than the χ 2 test. The Fain test enabled us to deduce the segregation of major genes based on continuous rather than discrete data. It is based on both the means and variances of the siblings families and assumes that if a trait is determined by one (or a few genes) gene of large effects, families possessing the most extreme phenotypes are likely to be homozygous (thus, exhibiting low variances within each family), whereas families with intermediate phenotypes are more likely to be heterozygous (thus, exhibiting large variances within each family) (16) . Accordingly, the relationship between the variances within families and the families means can be described using a quadratic equation:
2 , where var i = phenotypic variance within the i th family and mean i = average value for the family. A significant value (P of /t/ < 0.05) of b 2 indicates the presence of one (or few) major gene (16) .
Heritability estimates (h 2 ) were calculated based on relationships within a single generation according to Cahaner and Hillel (3) :
, where: h 2 Fg = heritability estimate for a given generation (g); σ b 2 = between-families variance; and σ w 2 = within-families variance. The variance component estimates were obtained from two-way analysis of variance with F g family and block as random sources of variance. In cases where the effect of the block was significant, the block variance component (σ B
2 ) was added to the denominator. The standard error of the heritability estimate was obtained from the sampling variance of heritability (6) .
RESULTS
Field response of the parental lines and the offspring to Ascochyta blight. In 1998, the plants were infected naturally, presumably by spores of the teleomorphic stage of the pathogen D. rabiei. The first symptoms were observed 64 days after sowing, and susceptible line ICC5810 was devastated 75 days after sowing. In 1999, when the field was inoculated artificially, initial disease symptoms were observed when the tested plants were 114 days old (37 days after inoculating the spreader rows), and devastation of ICC5810 was observed within 17 days. In 1999, neither the blocks nor the interaction between these and the parental lines had a significant effect (P of F > 0.12 and P of F > 0.06, respectively). In both years, the parental lines were significantly (P of F < 0.001) different with respect to disease severity and the tRAUDPC (Table 1) .
With respect to the ICARDA lines, 'Hadas' infection level (tRAUDPC = 0.18) did not differ significantly (Tukey-Kramer honestly significant difference [HSD] test; P of q > 0.05) from those of ILC3279 and ILC482 (tRAUDPC = 0.08 and 0.14, respectively); ICC5810 was the most susceptible line (tRAUDPC = 0.79); ILC1929 showed an intermediate response (tRAUDPC = 0.57) significantly different (Tukey-Kramer HSD test; P of q < 0.05) from all the other lines. It is important to note the large variance scored for the tRAUDPC measurements, 0.055 and 0.151 for 'Hadas' and ICC5810, respectively. Considerable variation was scored for the ICARDA lines: 0.058, 0.065, and 0.222 for ILC3279, ILC482, and ILC1929, respectively. These variances were significantly unequal (Bartlett's test; P of F < 0.0001).
In general, the tRAUDPC ranges in the 1998 and 1999 experiments were comparable; the former (F 3 populations) ranged from 0.3 to 1.26, whereas the latter (F 4 populations) ranged from 0.05 to 0.92 (Fig. 1) . The frequency distributions extended in accordance with the phenotype distribution of the parental lines in the respective years. Considering the large standard deviations of the parents (Fig. 1) , no cases of transgressive segregation were observed. In both F 3 and F 4 generations, the average tRAUDPC of ICC5810 × 'Hadas' offspring was significantly (P of /t/ < 0.0001) lower (i.e., more resistant) than the average response of the reciprocal population (Table 1) .
Although looking pretty normal, the frequency distributions of the populations' phenotypes were platykurtic (showing negative kurtosis values) and significantly different (P of W < 0.0001) from normal distributions (Table 1) . Consistently, at both generations, the distributions of the progeny derived from the resistant female ('Hadas' × ICC5810) were negatively skewed, whereas for the reciprocal populations (ICC5810 × 'Hadas'), skewness indices were positive ( Fig. 1; Table 1 ). Moreover, the F 3 population means were significantly (P < 0.0006) higher than the mid-parental value (0.7) obtained in 1998. In 1999, the mean of the 'Hadas' × ICC5810 population was not significantly different from the average values of the parents, whereas the mean of the reciprocal population was significantly lower (Table 1) .
Genetic basis of Ascochyta
is involved. Analyses of our data using the Fain test revealed that the quadratic terms were highly significant (P of /t/ = 0.0006 to 0.04) in all populations (Fig. 2) .
For all four populations, the genotypic variance components (σ b 2 ) were highly significant (P of F < 0.0001), resulting in relatively high heritability values. Heritability estimates of resistance (tRAUDPC) corresponding to the 'Hadas' × ICC5810 populations were 0.74 (SE = 0.006) for F 3 and 0.67 (SE = 0.029) for F 4 . In the reciprocal populations, the heritability values were 0.85 (SE = 0.004) for F 3 and 0.72 (SE = 0.037) for F 4 . The F 3 -F 4 genetic correlation estimates for the field response to Ascochyta blight were 0.38 for the 'Hadas' × ICC5810 populations and 0.33 for the reciprocal populations. Both estimates were significantly different from zero (P < 0.007).
The genetic correlation between resistance to Ascochyta blight and flowering time. The genetic correlation between days to flower and the field response to Ascochyta blight (tRAUDPC) within the offspring populations was negative. The intra-(F 3 -F 3 ) and inter-(F 3 -F 4 ) generation associations between the traits were r = -0.19 (P = 0.054) and r = -0.21 (P = 0.025), respectively, for the 'Hadas' × ICC5810 population (107 df). The ICC5810 × 'Hadas' population (65 df) showed closer associations. The intrageneration estimate was r = -0.39 (P = 0.001), and the intergeneration estimate was r = -0.44 (P < 0.001).
DISCUSSION
Incomplete resistance refers to all resistances that allow some disease development (19) . D. rabiei symptoms were observed in our study on stems and leaves of resistant cv. Hadas and lines ILC3279 and ILC482, as has been observed in other studies (27, 34) . However, disease intensity, assessed both by disease severity at the last assessment and the tRAUDPC, was significantly lower than those measured on susceptible accessions ICC5810 and ILC1929. The partial resistance of 'Hadas' was introgressed from a Desi accession 19 that originated from the former USSR (B. Retig, personal communication). Other accessions, mostly originated from the USSR, appear to possess incomplete resistance to D. rabiei as well; ILC3279 is one of them (7, 23) . Incomplete resistance in which spore production is not completely stopped exerts a lower selection pressure on the pathogen populations compared with a complete resistance situation (1). This may a In 1998, the epidemic originated from natural infection, whereas in 1999, the disease was initiated by artificial inoculation of spread rows. Each year, the parental lines differed significantly (P of /t/ < 0.0001) at both traits and the reciprocal populations differed significantly from each other (P of /t/ < 0.0001) in their response to Ascochyta blight. b In 1998, the experimental units were single plants, whereas in 1999, a group of four to six plants represented a unit. c Disease severity (percentage of infected foliage area) at the last assessment, 75 days after detection of the first symptoms in 1998, and 59 days after inoculation in 1999. d The tRAUDPC values range from 0 (for RAUDPC = 0) to 1.57 (for RAUDPC = 1). e The frequency distribution is normal (null hypothesis). f There is no difference bewteen the population mean and the mid-parental value (null hypothesis).
explain the durable resistance observed in 'Hadas' despite repeated epidemics since its introduction in Israel in 1986.
The large variance within 'Hadas' and ICC5810 (both highly inbred) might be due to differential response to different pathogen pathotypes present in the field. Large variance in disease severity was also observed after inoculation of single plants, with single isolates, under controlled conditions (J. Lichtenzveig and D. Shtienberg, unpublished data) (2, 7, 8, 24) . Thus far, this considerable intra-cultivar variation in the reaction to the pathogen has been exclusively related to as a disadvantage of the rating scale used (24) . In our view, this variation might be an intrinsic feature of the C. arietinum-D. rabiei pathosystem. However, despite the large variability, characterization of the genotype response is possible if a fully quantitative scale is applied.
Several rating scales have been proposed and used by various researchers for scoring the severity of Ascochyta blight in chickpea under field and controlled conditions (2, 24) . Parameters such as size of lesions produced on stem or percentage of infected leaves (24, 37) , amount of spore production per plant (7), or quantitative scales such as those proposed by Riahi et al. (25) and Jhorar et al. (12) were not widely adopted. Currently, the most commonly used scales are nonparametric, such as the 9-point scale (9,11,20,24,32,33,35) or the 5-point scale (21,28,36) . In most cases, a single category represents a combination of parameters. For example, the disease score of 4 (resistant to tolerant) in the 9-point scale of Reddy et al. (24) is equivalent to 0 to 5% of buds killed, 20% of foliage infected, 80% of stems with lesions, 15% of stems broken, a stem lesion type of 2 mm long girdling, necrotic leaves with few pycnidia, and 15% of pods with lesions. This kind of scales is widespread among other pathosystems as well (14) . Due to their simplicity and efficiency in large-scale field experiments, these nonparametric scales are applied in breeding programs, germ plasm evaluation, and selection. However, such scaling methods are inadequate to analyze the genetics of chickpea response to D. rabiei. First, from a pathological standpoint, any of the above parameters is individually a potential component of incomplete resistance. A category in the 9-point scale does not represent the result of the joint effects of these components but a dissected observation. For instance, the extrapolative mean value of 4.5, apart from being a statistically erroneous estimate, is biologically meaningless. Second, quantitative genetic (polygenic) systems are described using biometric tools based on parametric assessment of the phenotype (6); therefore, the 9-point scale is inadequate to describe the continuous genetic variation of the chickpea response to Ascochyta blight. Assessment of disease severity with a continuous or quasi-continuous scale permits legitimate analyses and estimation of parameters such as means, variances, and heritability required for the proper description of quantitative traits with continuous variance (17) . Tekeoglu et al. (32) reported that there is no significant difference between the 1 to 9 scale and the area under disease progress curve assessment, which is no surprise since the authors calculated the area under the disease progress curve based on their nonparametric (1 to 9) scores (therein). Scoring of the incomplete resistance in this pathosystem requires the development of robust criteria to assess slight differences between lines. Further, chickpea response to Ascochyta blight is particularly vulnerable to environmental effects, and by assessing the phenotype with quantitative scales, these effects could be analyzed separately from the genetic effects.
Furthermore, it is most likely that inconsistencies in the results of genetic analyses of chickpea response to Ascochyta blight partly arose from the use of nonparametric scales to assess disease resistance as discussed previously. Most authors based their conclusions on data obtained by grouping their (1 to 9) classes into even more discrete ones (resistance versus susceptible), with or without intermediate groups. In most cases, the grouping criterion is arbitrary because no regular discontinuities are actually observed. In other systems such as the Vicia faba-A. fabae, where a 0 to 5 scale was used, the grouping was based on the presence (scores 0 to 2) or absence (scores 3 to 5) of pycnidia (14) , but this is not the case in the pathosystem described here. Further, in the C. arietinum-D. rabiei system, the intermediate categories are inconsistently grouped in the resistant or susceptible category (4, 11, 21, 33) . A change from one class to another may have a dramatic affect on the interpretation of the results. The presumed gene action may therefore change from complete dominance to partial dominance to complete recessiveness, depending on which group harbors the intermediates. Moreover, in most reports the frequency distribution data of the phenotypes are not shown; thus, readers are unable to come to their own conclusions.
The frequency distributions of the tRAUDPC in the analyzed populations were continuous and therefore could not be classified into discrete groups (resistant versus susceptible). Using the relationship between the F 3 families means and their respective (family) variance (Fain test) (16), segregation of major genes could be deduced from these continuous data. Namely, in all analyzed populations, intermediate families exhibited higher variation compared with families of either high or low tRAUDPC values. This is compatible with segregation of one (or few) quantitative trait locus, with major effect determining the host response to the disease. Based on the present data, involvement of additional minor genes cannot be ruled out. Quantitative resistance, with continuous distribution and environmental instability, has frequently been considered a polygenic character. The term polygenic usually refers to many minor genes, each of approximately equal effect on phenotype. Results of quantitative trait loci mapping indicate this is generally not the case for quantitative resistance in plants, in which only three to five loci are most commonly found (38) . Quantitative trait loci analysis and mapping was recently performed in the chickpea-Ascochyta blight system. Santra et al. (26) and Tekeoglu et al. (32) reported that two complementary recessive quantitative trait loci segregate for Ascochyta blight resistance in an interspecific population.
The heritability estimates of the 'Hadas' × CC5810 and its reciprocal populations were relatively high for both F 3 and F 4 generations. The difference between the generations at the heritability values, as seen also in the relative low values of the genetic association between the generations, is in part due to the different experimental unit definitions used for each generation. In the F 3 , each plant was an experimental unit, whereas in F 4 , one unit represented a group of plants, resulting in a total of only three replicates per F 4 family. In addition, it should be kept in mind that the F 4 progeny were derived from individuals grown in a protected nursery (and therefore not scored for their disease response), hence our F 3 -F 4 correlations depart from strict parent-offspring relationships. Still, the selection for field resistance is expected to be effective due to the high heritability values found for the Ascochyta blight response in all four populations checked.
In both generations, the frequency distributions of the field response progeny derived from the resistant female were skewed toward the susceptible parent and, vice versa, the reciprocal distributions were skewed toward the resistant parent. These differences prevent us from drawing conclusions regarding the dominance relations between the different alleles of the response locus (loci) controlling resistance. These results might indicate that the susceptible parent confers some promoting genetic factors with maternal inheritance to the overall resistance. Further experiments including analyses of F 1 plants are imperative to clarify this point.
Implications for resistance breeding. The high heritability values are in line with the deduced segregation of one (or few) major resistance gene. The continuous frequency distributions of the tRAUDPC suggest involvement of other minor loci in the response phenotype. It is possible that this continuum results (in part) from the segregation of the resistance promoting alleles carried by the highly susceptible line ICC5810. This is an important point because it suggests that it should be possible to improve chickpea resistance even with the use of susceptible breeding lines. We suspect that the expression of those minor promoting alleles is dependent on the genetic background. This is in light of the presence of resistance promoting alleles in the highly susceptible line ICC5810.
Understanding the relationship between days to flower and Ascochyta blight resistance is of utmost importance for the development of early flowering varieties for water-limited environments. The genetic correlation estimates of the tRAUDPC (data either from F 3 or F 4 populations) and days to first flower (data from F 3 families) were negative; the higher the resistance (low assessed scores), the later the flowering date. These results are in line with Singh and Reddy's data (31) based on F 8 -breeding lines selected for Ascochyta blight resistance. From a breeding perspective, the negative correlation between flowering time and Ascochyta blight resistance represents a constraint on the development of Ascochyta resistant early flowering cultivars. For this purpose, resistance sources showing no such genetic correlation should be preferred.
